ABSTRACT. In this study, we estimated the heritability (h 2 ) of earnings in the Quarter Horse in order to evaluate the inclusion of this trait in breeding programs. Records from 14,754 races of 2443 horses from 1978-2009 were provided by Sorocaba Hippodrome, São Paulo, Brazil. All ancestors of the registered horses were included in the pedigree file until the 4th generation. Log-transformed performance measures (LPM) were analyzed for animals aged 2, 3, and 4 years and during their entire career. The h 2 estimates were obtained using a multi-trait model and Gibbs sampling that included the effects of sex, year of race, and animal in all analyses. Five analyses were performed: 1 in which LPM was divided by the number of prizes, 1 in which LPM was divided by the number of race starts, and 3 analyses that included the number of prizes, number of race starts, and both (LPM_cNPS) as covariates. Analysis was performed with and without inclusion of the maternal effect. Models were compared based on the deviance 5841 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 13 (3): 5840-5848 (2014) Earnings in Quarter Horse information criterion and LPM_cNPS including maternal effects was found to be the best model. The h 2 estimates and standard deviation obtained using model LPM_cNPS were 0.19 ± 0.08, 0.21 ± 0.08, 0.22 ± 0.09, and 0.21 ± 0.07 for earnings at 2, 3, and 4 years of age and total career, respectively. Our analyses indicate that earnings are subject to selection and can be included in breeding programs to improve the racing performance of Quarter Horses.
INTRODUCTION
Quarter Horses are the 2nd most important racehorse breed in Brazil (ABQM, 2012) . Studies evaluating the racing performance of Quarter Horses using race time, finish place, and speed index have been conducted in Brazil (Villela et al., 2002; Corrêa and da Mota, 2007) , but there have been no studies examining genetic parameters including earnings (performance measures; PM), as a trait. PM has been extensively investigated in different horse breeds that participate in race competitions Svobodova et al., 2005; Langlois and Blouin, 2007; Gómez et al., 2010; Park et al., 2011) , but not in Quarter Horses; understanding the genetic parameters related to this trait would improve the criteria typically used for evaluating racing performance.
In general, traits related to PM show low to moderate heritability (0.02-0.30), indicating that identifying genetically superior horses is straightforward when based only on the animal performance. However, PM has not been examined in Quarter Horses, making it important to determine the magnitude and possible use of this trait in selection programs designed to improve racing performance.
The aim of this study was to evaluate genetic variability in PM, determine the relevance of including maternal effects in analysis models, and determine the potential for including this trait in genetic breeding programs of Quarter Horses.
MATERIAL AND METHODS
The data used in this study were obtained from Paulista Hippodrome in Sorocaba, São Paulo State, Brazil, and included 14,754 performance records of 2443 Quarter Horses collected in races from . The distances ranged from 275-503 m on dirt tracks with no handicap.
PM was analyzed when the animal was 2, 3, or 4 years old and throughout its career. For PM according to age, the annual prize money of the animal won at different ages was summed, whereas for total career earnings, the money won in all races throughout the animal life was summed.
Two important observations should be noted: a) because the prize money was earned in different currencies, the values were converted to US dollars by using the average conversion rate of the month within the year of the race and based on the prevailing currency during the period (indexed to dollar to eliminate the effect of inflation in Brazil), and b) because PM did not show a normal distribution, logarithmic transformation was applied (Snedecor and Co-chran, 1967) to produce a frequency distribution closest to normality as verified by the Shapiro and Wilk test by using SAS (Shapiro and Wilk, 1965) .
After logarithmic transformation, log PM (LPM) was evaluated through 5 analyses: 1 in which LPM was divided by the number of prizes (LPM/NP), 1 in which LPM was divided by the number of race starts (LPM/NS), and 3 analyses that included the number of prizes (LPM_cNP), number of race starts (LPM_cNS), and both (LPM_cNPS) as covariates (linear and quadratic) affecting the trait. The relationship between PM and the covariates studied or between the latter qualities was not linear. Analysis was performed using multi-trait models that included all PM traits at 2, 3, and 4 years of age and total career earnings, in which the traits were separated according to the 5 analyses described above.
The model included the effect of the animal, as well as the effects of sex and year of participation in the races. The linear covariate of age at racing was added only for total career earnings. In addition, the analyses were performed with or without including the maternal effect. Inclusion of the maternal effect in the models was motivated by the studies of Langlois and Blouin (2004) and Langlois and Vrijenhoek (2004) , who suggested this effect to be important as it helps with interpreting the difference between paternal and maternal variance components. This difference results from common environmental factors for the offspring of the same mare; in most cases, an owner only has 1 or a few mares, and thus the maternal effect (sensu stricto) is confounded by the influence of the breeder (Langlois and Blouin, 2004) .
The relationship matrix included 4150 animals and ancestors up to the 4th generation. For statistical analysis, genetic (co)variance components of the traits were estimated by Bayesian inference under a complete multi-trait animal model. Analyses were performed using the GIBBS2F90 program (Misztal, 2002) and the post-Gibbs sampling results were analyzed using the POSTGIBBSF90 program (Misztal, 2002) . Single chains of 500,000 cycles were run, with a burn-in period of 20,000 cycles determined after demonstration of the stationary distribution of each chain by visual inspection (Kass et al., 1998) . Values were stored at intervals of 20 iterations, for a total of 24,000 samples. These samples were used to compute posterior means, standard deviations, and confidence intervals. The initial values of the (co)variance components were the same for all analyses and were determined by previous restricted maximum likelihood analysis using linear models (Kass et al., 1998) .
Post-Gibbs analysis provided information on the convergence of the chain and, among other values, presents the effective sample size, the mean that estimates the number of independent samples with information equivalent to that present in the dependent sample (Sorensen et al., 1995) .
The description of the data used in the analyses is shown in Tables 1 and 2 . 
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Deviance information criterion (DIC) was used for model comparison to determine the best-fitting model. With θ corresponding to the parameters of the model, DIC was calculated as:
, where was the posterior mean of the deviation, which is -2 log p (y|θ). The effective number of parameters was determined by , where was the posterior mean of θ. Low DIC values indicate a better fit, with penalization of complex models based on the effective number of parameters (Spiegelhalter et al., 2002) . According to these authors, subtraction of the DIC from different models resulting in a value of 7 indicates an important difference in model fit.
To analyze genetic trends, regression of predicted breeding values was performed based on the means weighted by the number of observations within the respective year of birth. Only animals born from 1979-2007 were considered. The PROC REG procedure of the SAS software (2000) was used.
Rank correlations (Spearman) based on breeding values of stallions with more than 10 offspring and the top 10% were obtained using the PROC CORR procedure of the SAS program (2000) .
RESULTS AND DISCUSSION
Model comparison based on the parameters shown in Table 3 revealed lower DIC values for models that included the maternal effect, indicating a better fit. LPM/NP and LPM/ NS include a ratio, i.e., they consist of 2 variables, which according to MacNeil (2005) , complicate selection by shifting the emphasis to the component traits. Additionally, predicting genetic gain when the selection criterion is a ratio is extremely complex.
When comparing other models that included the maternal effect and covariates (LPM_cNP, LPM_cNS and LPM_cNPS), LPM_cNPS was considered to be the best model for estimating PM since; in addition to presenting the lowest DIC value, the traits also showed lower estimates of residual variance and higher heritability values. Therefore, the results obtained using this model will be discussed below, as well as the analysis of genetic trends and rank correlations.
For all models, the minimum effective size obtained by post-Gibbs analysis for all components was 15 samples, demonstrating that the number of cycles used (500,000) was adequate for convergence of the chain. According to Misztal (2002) , components with an effective size larger than 10 are considered to be converged. For all parameters, the absolute values of Geweke's Z statistics (Geweke, 1992) were below 1.96 and the dependence factor of Raftery and Lewis (1992) LPM/NP, LPM/NS, LPM_cNP, LPM_cNS, and LPM_cNPS = logarithmic transformation of earnings divided by the number of prizes, divided by the number of race starts, including the covariate number of prizes, including the covariate number of race starts, and including both covariates, respectively. Table 3 . Average deviance (DEV), penalty for the effective number of parameters (Pd), and deviance information criterion (DIC) for models with and without maternal effect used to estimate earnings at 2, 3, or 4 years of age and total career of Quarter Horse racehorses. Table 4 shows the posterior means of residual variance and heritability for traits obtained using the models proposed. Higher residual variances for LPM at different ages and total career were obtained using the models that did not include the maternal effect, suggesting that when this effect is not included in the model, its value is added to the residual variance, with a smaller difference between models when the trait is measured at an older age. For abbreviations, see legend to Table 3 . Table 4 . Heritability and residual variance obtained with models with and without maternal effect used to estimate earnings at 2, 3, or 4 years of age and total career of Quarter Horse racehorses.
Residual variance for LPM at 3 years was higher for all models and between traits, indicating a greater environmental effect at this age and an influence on LPM. Additionally, a larger number of animals are culled at this age because of unsatisfactory results for breeders. The heritability for the LPM traits studied was similar and of medium magnitude (Table 4), indicating that selecting for these traits should result in moderate genetic changes. Similar es-timates have been reported by Langlois et al. (1996) for LPM at 2 years (0.22-0.28) and lower estimates by Langlois et al. (1975) for LPM at 2 years (0.02-0.06) and by Gallizi-Vecchiotti and Pazzaglia (1976) for PM at 2 and 3 years (0.04 and 0.12, respectively). For Thoroughbred horses, Langlois (1975) and obtained moderate to high heritability values for earnings (0.40-0.56; 0.34). Higher heritability values were estimated for LPM at 4 years for the different statistical models.
When the maternal effect was not included in the models, alterations in additive genetic and residual variances were observed, but without respect to the trends or proportions at different ages or for total career earnings (Table 4 ). In general, residual variances for LPM were higher than the estimates obtained for the same trait when maternal effects were considered, except for residual variances at 2 and 3 years of age and total career earnings obtained using the LPM/NP model, which were slightly lower.
Heritability values were directly related to residual variances, demonstrating that traits with lower residual variances have higher heritability when compared to the same traits for which maternal effects were taken into account. The opposite was also observed (Table 4 ). In general, the heritability values for LPM at different ages and for total career earnings were similar when the number of race starts or prizes was included as a covariate in the model. These heritability values were of moderate magnitude, indicating a reasonable relationship between breeding values and the performance of horses in terms of prize money won.
Decreased residual variance and higher heritability were observed for all ages and total career when maternal effects and the covariate number of race starts and number of prizes were included in the models (Table 4) ; however, the heritability estimated using the LPM_cNPS model was identical at 2 and 3 years of age and at 2 years with the LPM_cNP model, regardless of whether the maternal effect was included.
Averages of the estimates of maternal heritability values at 2, 3, and 4 years of age and career for all of the models studied were identical to the values found in the analysis considered to show the best adjustment (LPM_cNPS). Therefore, the estimates of maternal heritability at 2, 3, and 4 years of age and career were, respectively, 0.017, 0.005, 0.083, and 0.003, which when added to the direct heritability (Table 4) , resulted total heritability values of 0.21, 0.22, 0.27, and 0.21. These results indicate the importance of including the maternal effect in the evaluations.
With respect to the covariate number of race starts, the heritability values obtained were higher than those reported by Pieramati et al. (2010) for Italian Trotter horses, which was 0.19 ± 0.006. Similar values were obtained when considering the covariate number of prizes at different ages, indicating a trend towards a balanced distribution of prizes throughout the career of these animals. Heritability for LPM at 4 years of age was higher than that reported by Ojala (1987) for Finnish horses of the same age, which was 0.09 ± 0.03, whereas the same value as obtained in the present study was reported for Standardbreds (0.21). Similar heritability values were observed for LPM of animals at 2 and 3 years of age when the covariate total number of race starts was included. In addition, the heritability for LPM at 4 years of age was higher than that observed at the other 2 ages studied.
Genetic correlations between LPM at different ages and total career obtained using the LPM_cNPS model are shown in Table 5 . The correlations were positive and of high magnitude, indicating that selection for some of these traits will result in favorable genetic changes for the other traits. LPM at 2, 3, or 4 years has a genetic basis that is similar to that of total career of the animal, although directly selecting for this trait would be more efficient than indirect selection based on any LPM at the other ages studied. Table 5 . Genetic correlations between earnings (LPM) at 2, 3, or 4 years of age and total career of Quarter Horse racehorses obtained with the model including maternal effects and the number of prizes and race starts as covariates.
The LPM_cNPS model was used to estimate the mean, standard deviation, and range of predicted breeding values for all animals of the pedigree and only for stallions with more than 10 offspring (Table 6) . Breeding values of stallions presented higher standard deviations and similar minimum values when compared to the entire population, demonstrating that lower limits are representative of stallions with more than 10 offspring, which is concerning. The values reflect genetic variability in the traits; the difference in breeding values between the animals analyzed indicates a difference in profitability at the ages studied. For example, if between the highest (1.38) and lowest (-1.00) predicted breeding value of stallions for profitability at 3 years of age (LPM3) LPM2, LPM3, LPM4, and LPMC = logarithmic transformation of earnings at 2, 3, and 4 years of age and total career of the animal, respectively. Table 6 . Number of observations (N), mean, standard deviation (SD), and minimum and maximum breeding values for earnings at 2, 3, or 4 years of age and total career of Quarter Horse racehorses obtained for the whole dataset (Total) and for stallions with more than 10 offspring.
The rank correlations considering 67 sires with more than 10 offspring obtained using the LPM_cNPS model (including maternal effects) ranged from 0.94 (between 3 and 4 years) to 0.99 (between 2 and 3 years and total career), with a mean of 0.97, indicating that the stallions chosen are essentially the same at different ages. Slightly lower rank correlations (0.88) were observed for the group of the top 10% sires (7) with more than 10 offspring, a group that is expected to be more intensively used (Table 7) . Genetic trends for LPM at different ages and total career obtained with LPM_cNPS are illustrated in Figure 1 . Cumulative prize money earned during the career of the animal showed a higher annual gain, whereas a slightly lower trend was observed at 4 years, with a difference of 0.003 units or 0.007 dollars per year. Table 7 . Rank correlations between earnings (LPM) at 2, 3, or 4 years of age and total career of Quarter Horse racehorses obtained for stallions with more than 10 offspring (above the diagonal) and the top 10% (below the diagonal). 
CONCLUSIONS
Maternal effects were found to be relevant for evaluating traits related to earnings and should be included in analysis models. In addition, the heritability values suggested that this trait should be included in genetic breeding programs of Quarter Horses in Brazil.
